The growth requirements of the New York State Laboratories strain of Clostridium tetani were the subject of investigation by Mueller and his co-workers Miller, 1941a, 1942; Feeney et al., 1943a, b) . During these studies, a synthetic medium capable of supporting good growth of this strain of C. tetani in primary culture was developed. However, these investigators were interested principally in toxin production and no attempt was made to grow the organism serially in this medium. Furthermore, they stated that it was possible that unknown stimulatory agents and essential substances were present in their medium, since "the natural amino acids, glucose, or the folic acid concentrate may possibly have contained essential impurities." In addition, some growth promoting substances probably were introduced with the inoculum, which was large and composed of oncewashed cells. The present study was initiated with the purpose of further clarifying the nutritional requirements of C. tetani.
MATERIALS AND METHODS
Strains. Four strains of C. tetani, designated 2, 3, 6, and 43, were employed. These strains were kindly supplied by Mr. James Mandia of the Department of Animal Pathology, University of Kentucky, Lexington, Kentucky. All cultures were checked for purity upon receipt and were maintained in egg meat medium (Difco) .
Materials. Bichromate-sulfuric acid cleaned Pyrex glassware was used.
All chemicals were of the highest purity commercially available. Biochemicals Cell suspensions for inocula were prepared from brain heart infusion broth (Difco) cultures that had been incubated for 24 hr at 37 C in modified Rosenthal anaerobic jars (Mueller and Miller, 1941b) . The broth cultures were sedimented by centrifugation, and the cells were washed three times with and suspended in sterile distilled water to a turbidity equivalent to that of a no. 3 McFarland4 nephelometer tube. One-tenth ml volumes of these suspensions were used as inocula.
Prior to inoculation, all media were heated for 15 min in an Arnold5 steamer and cooled. Inocula were introduced deep into the media and uninoculated controls were always included. All tests were run in triplicate. Cultures were incubated aerobically at 37 C until maximum growth had developed or, in the absence of growth, for 1 week. Growth was estimated turbidimetrically using a Coleman6 model 11 spectrophotometer. Measurements were made at 550 m, using a PC 4 filter.
To eliminate the possibility that growth in culture media was due to carry-over of essential nutrients in the inocula, representative primary cultures were passed serially in each medium for four culture generations. xanthine and guanine were nonessential for growth of these strains of C. tetani. Thiamin was nonessential but growth of strains 2, 3, and 6 was submaximal in the thiamin-free medium. The absence of thiamin had no effect on the growth of strain 43.
RESULTS
Inositol was not essential to the growth of any of the strains, but strongly stimulated the growth of strains 2 and 6, and to some extent stimulated the growth of strain 43.
Adenine was essential to the growth of strain 43 and stimulatory to the growth of the other strains.
Amino acid substitution studies. When the Casamino acids in the CAC medium were replaced with pure amino acids in proportion to the amino acid content of Casamino acids7 plus serine and cystine, a synthetic medium (SM-A) was attained that supported the growth of all four of the strains. However, growth did not consistently occur. In an attempt to eliminate inconsistent growth in this medium, it was enriched by increasing the tyrosine concentration and by adding alanine. proline, and hydroxy-l-proline. Sporadic growth also occurred in this modified medium (SM-B).
The possibility that inconsistent growth was due to oxidation-reduction effects was eliminated when it was found that the initial Eh values and the poise of the SM-B and CAC media were approximately the same.
Multiple factor elimination studies. The effects of the omission simultaneously from the CAC medium Of those vitamins found to be nonessential by the single 7An analysis of the Casamino acids was kindly supplied by the l)ifco Company. Because the preliminary experiments indicated a variation among the strains in their requirement for inositol and thiamin when growing in the CAC medium, the effect of omitting thiamin and inositol individually from the CAC-VO medium was tested. The results indicated that thiamin was stimulatory to the growth of strains 2, 3, and 6, and nonessential to the growth of strain 43. Inositol was neither essential nor stimulatory for the growth of strains 2, 3, and 43, but was stimulatory for strain 6. Since thiamin and inositol both showed stimulatory effects on the growth of certain strains of C. tetani, these factors were retained in the medium so as to enable the carrying out of further tests with one medium nutritionally favorable to all strains.
Tests to determine the effects of the omission simultaneously from the CAC-VO medium of the purine bases xanthine, guanine, and adenine were next carried out. All four strains gave excellent growth in the CAC-VO medium minus these three nitrogen bases (CAC-VON medium). Next, the effects of the omission singly of tryptophane and cystine from the CAC-VON medium were tested. Tryptophane proved essential and cystine both nonessential and nonstimulatory to all four strains.
Hence, the CAC medium minus PABA, riboflavin, B12, oleate, xanthine, guanine, adenine, and cystine (CAC-VONC medium) supported growth of all four of the C. tetani strains approximately equal to that obtained in the CAC medium.
At this time, attempt was made to replace the Casamino acids in the CAC-VONC medium with chemically pure amino acids. The qualities and quantities of amino acids substituted were the same as in the earlier synthetic media. This synthetic medium (SM-C) supported good and consistent growth of the four strains through six subcultures. The composition of the SM-C medium is given in table 1.
Glucose elimination studies. The abilities of the C. tetani strains to grow in SM-C medium less glucose are reported in table 3. From these data it can be seen that strains 3 and 43 gave good growth in the absence of glucose. Strains 2 and 6 showed poor growth in the glucose-free synthetic medium, indicating that glucose was stimulatory for these two strains. However, glucose was found to be both nonessential and nonstimulatory to the growth of all four of the strains in the CAC-VONC medium (table 3) .
A comparison of the growth of C. tetani in various media. Growth of the strains in synthetic medium SM-C was compared with that in brain heart infusion broth and that in the semisynthetic CAC and CAC-VONC media.
The data in table 4 show that growth of these strains in the brain heart infusion broth was very good at the end of 24 hr of incubation. In contrast, the other media showed no detectable growth at this time. The four strains grew about equally well in the SM-C, the CAC, and the CAC-VONC media and reached maxima after 48 to 72 hr. However, maximum growth in these three media was markedly less than in the natural medium.
DIscUSSION
Our findings that nicotinic acid, biotin, calcium pantothenate, folic acid, pyridoxamine, and uracil are Effects of glucose York Laboratories strain. These factors were neither essential nor stimulatory to the C. tetani strains used in this study. Thoma and Peterson (1950) found that a combination of oleic acid and Tween 40 could replace the biotin requirement of Clostridium sporogenes, whereas either substance aloine was toxic. Mager et al. (1954) , investigating the nutritional requirements of Clostridium parabotulinum, reported that the biotin requirement for a number of strains of this species could be satisfied by oleate. The results of our study revealed oleate to have no toxicity for the strains studied. MIoreover, oleate failed to substitute for biotin.
Reports in the literature indicate that some strains of Clostridium tetanomorphum and C. parabotulinum can utilize PABA and folic acid interchangeably (Woods, 1951; Mager et al., 1954) . However, our strains gave no growth in PABA containing media in the absence of folic acid, indicating that these C. tetani strains were unable to synthesize folic acid from l'ABA.
In accord with the findings of MIueller and Miller (1942) our results indicate that tryptophane was essential, and that cystine was nonessential for growth of the C. tetani strains. Similar results have been reported with other species of Clostridium (Roessler and Brewer, 1946; MIager et al., 1954; Nakano and Clifton, 1953) .
Certain examples of growth inhibition seemingly due to antagonisms among metabolites were encountered. By the single omission method, inositol enhanced the growth of strains 2, 6, and 43 in the CAC medium but, when riboflavin, PABA, B12, and oleate were absent from this medium, inositol proved stimulatory only to strain 6 and perhaps slightly to strain 43. Also in the single omission experiments, adenine proved essential to strain 43 and was stimulatory to the growth of the other three strains in CAC medium. However, in later experiments, in which nonessential v-itamins, oleate, and the three purine bases were simultaneously omitted from the CAC medium, adenine proved both nonessential and nonstimulatory to the four strains. Clearly, the necessity of adenine as a growth factor was eliminated following simplification of the medium, and it seems likely that one or more of the omitted factors must have interfered directly or indirectly with adenine synthesis.
The failure of the SM-A and SM-B media to consistently support growth of the C. tetani strains also may have been due to antagonisms among metabolites since these inconsistancies no longer occurred in the simplified SMI-C medium. Possibly one or more of the nonessential factors present in the SM-A and SM-B media but absent from the SM-C medium were exerting a mild toxic action sufficient in some tubes but not in others to prevent initiation of growth. Kindler et al. (1956) reported that CO2 is essential for rapid and regular growth of C. botulinum type A from small inocula. The effect of increased CO2 tension on the growth of our C. tetani strains was not determined and the possibility exists that the presence of extra CO2 could have eliminated the inconsistent results obserxved with synthetic media SM-A and SM-B.
As was expected, the omission of glucose from SM-C revealed it to be nonessential for the growth of the four C. tetani strains (table 3). These C. tetani strains fail to ferment glucose by the standard fermentation procedure. The fact that two of the strains (2 and 6) gave very poor growth in the glucose-omitted medium suggests the possibility that this was due to the absence of the reducing activity of the glucose. This is unlikely as the glucose-free medium contained 0.5 per cent thioglycolate. Reed and Orr (1943) demonstrated thioglycolate in 0.1 per cent concentration to be a much more efficient reducing agent then even 1.0 per cent glucose and our own redox measurements revealed 0.5 per cent thioglycolate to both adequately reduce and poise synthetic medium SM-B for the multiplication of C. tetani.
Another possible explanation for the poor growth in the glucose deficient SM-C medium may be the absence of, or lack of sufficient amount of, some intermediate involved in the utilization of certain amino acids.
These results suggest that strains 2 and 6 utilize glucose, at least when growing in SM-C medium. Glucose utilization by C. tetani has been reported. Reddish and Rettger (1924) reported slight consumption of glucose by their C. tetani strain. Fildes (1925) found 3 of 58 strains to inconsistently ferment glucose with resultant change in the reaction of the medium from pH 7.4 to approximately 6.5. Prevot (1955) quantitatively measured glucose utilization by C. tetani and reported that glucose fermentation by this organism is difficult to recognize because of neutralization of formed acids by alkaline products. The lack of need for glucose by these same two strains when growing in CAC-VON-C medium has not been investigated. Possibly glucose may serve as a precursor for some growth stimulating substance which is present in the CAC-VONC medium, but lacking in the less complex SM-C medium. SUMMARY Four strains of Clostridium tetani were investigated and wtere founld to grow well in a semisynthetic medium composed of Bacto-vitamin free Casamino acids, glucose, growth factors and minerals.
By the process of omission, biotin, folic acid, pyridoxamine, nicotinic acid, calcium pantothenate, uracil, and tryptophane were found essential, and riboflavin, vitamin B12, p-aminobenzoic acid, oleate, xanthine, guanine, and cystine were found nonessential and nonstimulatory to growth of the tetanus strains. Thiamin and inositol were nonessential but enhanced the growth of some strains. The need for adenine varied with the strain and the medium from essential or stimulatory to nonessential.
Replacement of the Casamino acids in the Casamino acids complete medium with pure amino acids in proportionate amounts resulted in media that supported growth sporadically. Eh measurements indicated that sporadic growth was not due to insufficient reduction of the media.
Omission of nonessential factors gave a medium that supported good consistent growth of the four C. tetani strains.
Serial subculture of the strains in various media that supported growth was successful.
